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Long-term low cost storage of whole-stalk lignocellulosic energy sorghum biomass (specialized forage
varieties of Sorghum bicolor (L.) Moench) is essential for the feedstock’s successful role as a dedicated
energy crop for ethanol production. As an alternative to expensive ensiling methods, aerobic storage of
S. bicolor (L.) Moench biomass in traditional rectangular bale formats could alleviate feedstock supply
costs if material deterioration in storage could be minimized. Moisture desorption and adsorption
isotherms for S. bicolor (L.) Moench were created at 15 C, 20 C, 30 C, and 40 C with water activities
from 0.1 to 0.9 using the dynamic dew-point method. Sorption isotherms were modeled using four
temperature dependent and three temperature independent equations. The relationship between
equilibrium moisture content and water activity was found to decrease with increasing temperatures.
GAB (GuggenheimeAndersonede Boer) monolayer moisture content and the moisture content at which
microbial activity becomes limited were found to range from 5.6% db to 10.4% dry basis (db) and 12.0% db
to 18.4% db, respectively. The net isosteric heat of sorption was calculated using the ClausiuseClapeyron
equation and determined to be higher for desorption than adsorption with both trends decreasing
exponentially at increasing levels of moisture content. The differential entropy of S. bicolor (L.) Moench
was shown to exhibit a log normal relationship with moisture; peaking near the monolayer moisture
content. The results of the study indicate that aerobic storage of energy sorghum biomass may be similar
to other herbaceous feedstocks should extensive drying occur before entering storage.
 2012 Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
The ﬂexible growing conditions and immense diversity of
Sorghum bicolor (L.) Moench make it a promising candidate for
bioenergy destined cultivars (Miller and McBee, 1993; Almodares
and Hadi, 2009; Davila-Gomez et al., 2011). Two general classes
of Sorghum bicolor (L.) Moench are commonly considered for bio-
energy production; sweet sorghum, bred for high concentrations of
readily fermentable sugars in the plant’s stalk, and forage sorghum
(herein referred to as energy sorghum when intended for use as
a dedicated lignocellulosic energy crop), bred for high tonnage and
a greater fraction of structural carbohydrates (cellulose and hemi-
cellulose) for lignocellulosic ethanol conversion (Monk et al., 1984;
Rooney et al., 2007; Zegada-Lizarazu and Monti, 2012), although
ease of breeding can produce viable crosses with combinations of
these traits. The species’ high yield of readily fermentable sugars
and biomass dry matter tonnage make it especially appealing for
ethanol conversion processes, with potential yields between 2000: þ1 208 526 2639.
Y-NC-ND license.and 3000 L/ha (Zegada-Lizarazu and Monti, 2012), but high mois-
ture contents at the time of harvest (upwards of 50% wet basis)
present serious difﬁculty for long-term storage of whole-stalk
biomass (Eiland et al., 1983; Jasberg et al., 1983; Coble and Egg,
1987). Current practice recommends immediate utilization of the
crop following harvest, but this practice would not sustain the year-
round demands of a production conversion facility. Forage sorghum
for animal feed is typically stored as silage, but the cost constraints
facing bioenergy feedstocks will likely render this storage method
cost prohibitive (Bennett and Anex, 2009). Stable long-term aerobic
storage of cellulosic energy varieties of Sorghum bicolor (L.) Moench
would require in-ﬁeld or mechanical drying prior to storage to
avoid extensive dry matter loss and degradation of soluble and
structural sugars.
Water activity (aw) is a commonly used metric to deﬁne
a product’s stability based on a material speciﬁc relationship
between equilibrium moisture content (e.m.c.) and equilibrium
relative humidity (e.r.h.; Bell and Labuza, 2000). A water activity
between 0.6 and 0.7 represents the lower bound at which most
bacterial and fungal growth can persist (Beuchat, 1981), and the
moisture content associated with this critical range (MS) may
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microbial degradation in aerobic storage (Hill and Lacey, 1983;
Arabhosseini et al., 2010; Chico-Santamarta et al., 2011). Water
activity isotherms help deﬁne a material’s interaction with envi-
ronmental conditions to determine the amount of moisture that
can be lost or gained, or the relative closeness of any givenmoisture
content to one that represents product stability in storage. To date,
the moisture sorption properties of S. bicolor (L.) Moench biomass
have not been researched, preventing speciﬁc moisture-related
storage parameters from being deﬁned.
Several parameters of interest to drying operations and storage
can be determined from the behavior of a material’s moisture
sorption behavior. The monolayer moisture content, the point at
which all polar and ionic surface sites are occupied by a water
molecule, has been described to appreciably limit the rate of most
water-dependent reactions (Labuza, 1980). The net isosteric heat of
sorption is a measure of the binding energy of water, describing the
point at which moisture shifts from ‘free’ to surface bound and can
be used to describe the energy required to dry a material (Iglesias
and Chirife, 1976a,b,c; Kiranoudis et al., 1993). According to
Madamba et al. (1996), the measure of differential entropy is
proportional to the number of available sorption sites corre-
sponding to a speciﬁc energy level and has been used to describe
the state of adsorbed moisture and its interaction with material
surfaces of other plant products (McMinn and Magee, 2003;
Igathinathane et al., 2007).
Literature on moisture sorption for food products is extensive;
however, studies on agricultural residues and other herbaceous
forms of bioenergy feedstock are limited, with notable works
on cobs and stover of corn (Zea mays L.; White et al., 1985;
Igathinathane et al., 2005, 2007), Miscanthus giganteus
(Arabhosseini et al., 2010), and canola straw (Brassica napus; Chico-
Santamarta et al., 2011). The aim of this study was to deﬁne the
moisture sorption properties of a lignocellulosic energy variety of
Sorghum bicolor (L.) Moench using the dynamic dew-point
isotherm method. Four temperature dependent equations (Modi-
ﬁed-Oswin, Modiﬁed-Henderson, Modiﬁed-Halsey, and Chunge
Pfost) and three temperature independent equations (GAB
(GuggenheimeAndersonede Boer), Peleg, and DLP (Double Log
Polynomial)) were evaluated based on their ability to model the
moisture sorption behavior of numerous agricultural products
(Chen and Vance Morey, 1989; Nilsson et al., 2005; Bahloul et al.,
2008). The objectives of this study were to determine: 1) The
relationship between equilibrium moisture content and equilib-
rium relative humidity, or water activity, over a range of temper-
atures that may be encountered in ﬁeld and storage conditions
(15 Ce40 C) through dynamic dew-point isotherm testing and
determine the most suitable temperature dependent and temper-
ature independent models to represent the isotherms, 2) The
impact of temperature on the monolayer moisture content and the
moisture content necessary for aerobically-stable storage as iden-
tiﬁed by a water activity of 0.7, and 3) The net isosteric heat of
sorption (qstn ) and differential entropy (DSd) relating to drying
energy requirements and moisture to surface interactions.
2. Materials and methods
2.1. Plant material and preparation
The sorghum used in this study was an experimental cellulosic
energy variety of forage sorghum (Sorghum bicolor (L.) Moench)
provided by Mendel Biotechnology Inc (Hayward, CA USA). The
crop was grown in Stotts City, MO USA and harvested in March of
2010. Whole stalks were collected from the ﬁeld on the day of
harvest and stored at 4 C.The material was kept frozen throughout all handling processes
to reduce moisture loss and prevent degradation. Stalks were
reduced in size with an initial hand-cut to approximately one-inch
pieces followed by grinding to 6 mm using a Fritsch Pulverisette-19
Cutting Mill (Idar-Oberstein, Germany). The reduced frozen mate-
rial was then split into 10 g homogeneous aliquots using a Retsch
Inc. PT100 Centrifugal Sample Divider (Irvine, CA USA).
2.2. Experimental procedure
Water activity isotherms were generated using a Decagon
Devices Inc. AquaSorp Isotherm Generator (Pullman, WA USA).
Described in detail by Schmidt and Lee (2012), the instrument uses
the dynamic dew-point isotherm method that, unlike traditional
salt-slurry isotherm methods, automatically records the sample’s
mass and water activity over time as it is exposed to desiccant dried
or water saturated airstreams, causing the sample to undergo
desorption or adsorption, respectively. The instrument operates at
a ﬁxed temperature (0.1 C) with an internal micro-balance
(0.1 mg) and chilled mirror dew-point sensor (0.005 aw), elim-
inating the need to manually handle the sample and disrupt the
testing conditions. Cycling isotherms consisting of an initial
desorption, adsorption, and second desorption were recorded from
0.1 aw to 0.9 aw (or 10%e90% e.r.h.). The instrument’s sample cup
was loaded with approximately 500 mg of prepared material and
equilibrated to the test temperatures within the sealed sample
chamber before desorption began.
Tests were performed at 15 C, 20 C, 30 C, and 40 C with ﬁve
sample replicates at each temperature. The instrument’s airﬂow
over the sample material was set to 60 mL/min for the 20 C, 30 C,
and 40 C tests, and 100 mL/min for the 15 C tests. Completed
samples were dried at 105 C for 24 h to determine dry mass for
calculating moisture content (Sluiter et al., 2008).
2.3. Data analysis and modeling
To model the relationship between e.m.c., aw, and temperature
(T), the Modiﬁed-Henderson (Henderson, 1952; Thompson et al.,
1968), ChungePfost (Chung and Pfost, 1967; Pfost et al., 1976),
Modiﬁed-Halsey (Halsey, 1948; Iglesias and Chirife, 1976a,b,c), and
Modiﬁed-Oswin (Oswin, 1946; Chen and Vance Morey, 1989)
equations (Eqs. (1)e(4)) were applied to the experimental data for
each desorption and adsorption isotherm at all test temperatures.
Mathcad software (Version 15.0, Parametric Technology Corpora-
tion, Needham, MA USA) was used to generate multivariate ﬁt
parameters using the LevenbergeMarquardt algorithm, providing
a single set of model parameters that best ﬁt the data obtained at
each of the four experimental temperatures for each sorption
isotherm.
Modified Henderson e:m:c: ¼

lnð1 awÞ
AðT þ CÞ
1
B
(1)
ChungePfost e:m:c: ¼ 1
B
$ln

lnðawÞ$ðT þ CÞ
A

(2)
Modified Halsey e:m:c: ¼

lnðawÞ
expðAþ B$TÞ
 1
C

(3)
Modified Oswin e:m:c: ¼ ðAþ B$TÞ$

aw
1 aw
C
(4)
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applied to the experimental data to compare ﬁt and changes across
temperature. The GAB (GuggenheimeAndersonede Boer) model
(Eq. (5); Van den Berg and Bruin, 1981) is widely used in the food
industry and its parameters are considered to relate to material
speciﬁc properties, where k is a material speciﬁc drying parameter,
and Mo is the monolayer moisture content (dry basis). The DLP
equation (Eq. (6); double log polynomial) is provided by Decagon’s
SorpTrac software and provides an accurate ﬁt using four empirical
constants. The Peleg equation (Eq. (7); Peleg, 1993) is similar in
nature to the DLP equation, because it utilizes four empirical
constants, but has been shown to provide a good ﬁt for plant
materials (Bahloul et al., 2008). Mathcad softwarewas used to solve
for the model parameters using the LevenbergeMarquardt algo-
rithm separately for each temperature, providing four sets of
parameters for each sorption isotherm.
GAB e:m:c: ¼ MO$kb$C$aw½ð1 kb$awÞð1 kb$aw þ C$kb$awÞ
(5)
DLP e:m:c: ¼ b3$lnðlnðawÞÞ3þb2$lnðlnðawÞÞ2
þ b1$lnðlnðawÞÞ þ b0
(6)
Peleg e:m:c: ¼ b0$awb1 þ b2$awb3 (7)
As a result of the dynamic dew-point isotherm method, each
sample replicate yields a large number of data points at slightly
different water activity values. This prevents replicates from being
combined into a single isotherm through the calculation of mean
moisture contents at speciﬁc aw values (Yuan et al., 2011). To model
the isotherm results, the data collected from all ﬁve replicates was
pooled into a single set used to ﬁt the model parameters using non-
linear regression.
To judge the ﬁt of each model, the residual sum of squares (RSS),
coefﬁcient of determination (R2), and root mean squared error
(RMSE) between the experimental data sets and the predicted data
were calculated (Eqs. (8)e(10)). The residuals for each modeled
isothermwere plotted to determine if a pattern existed. Themodels
that provided the lowest value for RMSE and a uniform distribution
of residuals were considered to be the best ﬁt for a given sorption
isotherm.
RSS ¼
X
e:m:c:Mp
2 (8)
R2 ¼ 1
P
e:m:c:Mp
2Pðe:m:c: e:m:c:Þ2 (9)
RMSE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃP
e:m:c:Mp
2
n
s
(10)
The net isosteric heat of sorption (qstn ) was calculated using
a modiﬁed form of the ClausiuseClapeyron equation derived from
the temperature dependence of the isotherms and subtraction of
the latent heat of vaporization of pure water (Iglesias and Chirife,
1976a,b,c; Eq. (11)):
vlnðawÞ
v 1=TK
				
e:m:c:
¼ qnst=R (11)
where TK is the temperature in Kelvin, qstn is the net isosteric heat
of sorption (kJ mol1), and R is the universal gas constant
(0.008314 kJ mol1 K1). While the inﬂuence of temperature on the
calculated result of qstn has been described, Eq. (11) is based on theassumption that qstn is invariant with temperature and is often
accepted (Iglesias et al., 1989). The temperature dependent models
(Eqs. (1)e(4)) that best ﬁt the experimental data were used to
determine values for aw at e.m.c. values between 5% and 40%
moisture, db. By plotting the sorption data as ln(aw) versus 1/TK, the
slope of the resulting line for each e.m.c. valuemultiplied byRwas
determined to equal the net isosteric heat of sorption (qstn ). Using
the same plot of ln(aw) versus 1/TK, the intercept of each e.m.c.
series was used to calculate the differential entropy (Igathinathane
et al., 2007; Eq. (12)) where l is the latent heat of vaporization of
pure water and DSd is the differential entropy of sorption
(kJ mol1 K1).
lnðawÞje:m:c: ¼ 
qnst þ l
R$TK
 DSd
R
(12)
For communicative purposes, the calculated values of qstn and
DSd were plotted against e.m.c. and iterative non-linear regression
was used to apply best ﬁt equations using the Marquardte
Levenberg algorithm in SigmaPlot software (Version 12.3, Systat
Software, San Jose, CA USA).
3. Results and discussion
3.1. Material isotherms
All of the isotherms follow the sigmoid shape of a type II
isotherm typical of porous biological materials and other agricul-
tural products (Fig. 1; Bell and Labuza, 2000; Igathinathane et al.,
2005; Arabhosseini et al., 2010). Temperature was observed to
impact each of the isotherm cycles, with increased temperatures
causing a decrease in e.m.c. at equal values of water activity (Iglesias
and Chirife, 1976b). Initial moisture contents near 100% db caused
desorption to begin at 0.99 aw before e.m.c. rapidly fell to
approximately 30% db by 0.9 aw. The hysteresis phenomenon was
observed between the adsorption and desorption isotherms, and
prevented the adsorption isotherm from returning to an e.m.c.
equal to the initial desorption by 0.9 aw. Because the sorption
direction was changed before the closure of hysteresis, the initial
and second desorption cycles are divergent in the range of
approximately 0.7 aw to 0.9 aw. From 0.1 aw to approximately 0.7 aw
the data for the two desorption isotherms is largely indistin-
guishable however, suggesting that no chemical or physical
changes occurred to the biomass that would alter the e.r.h. to e.m.c.
relationship as a result of the drying and wetting operations tested.
3.2. Data modeling
Amongst the temperature dependent models (Eqs. (1)e(4)), the
Modiﬁed-Oswin equation had the highest R2 values and lowest
RMSE values for both the initial desorption and adsorption
isotherms (0.997 and 0.999, and 0.712 and 0.438, respectively), as
well as uniform distributions of the residuals when comparing the
predicted series to the combined experimental dataset (Table 1;
Fig. 2). The Modiﬁed-Henderson had amongst the highest R2 value
(0.998) and the lowest RMSE value (0.541) for the second desorp-
tion, and a uniform distribution of residuals (Table 1; Fig. 2). The
ChungePfost and Modiﬁed-Halsey equations were determined to
be poor ﬁts for the sorption isotherms of S. bicolor (L.) Moench
because of the combination of patterned residuals and poor
parameters of ﬁt (Table 1).
The three temperature independent models all resulted in high
R2 values and low RMSE values when compared to the experimental
dataset (minimum of 0.996 and maximum of 0.889, respectively),
but the DLP equationwas found to be the best ﬁttingmodel for each
Table 1
Model parameters and ﬁt criteria for the four temperature dependent isotherm
models for Sorghum bicolor (L.) Moench. Parameters apply to a temperature range of
15 Ce40 C, andwater activity of 0.1e0.9. Residuals between experimental data and
predicted data were visually assessed for a patterned or uniform distribution.
Model
parameters
Mod.-Henderson
equation
ChungePfost
equation
Mod.-Halsey
equation
Mod.-Oswin
equation
Initial desorption isotherm
A 1.14E04 430.414 4.355 13.545
B 1.521 0.129 8.60E03 0.058
C 104.513 95.196 1.834 0.425
RSS 1.15Eþ03 1.24Eþ03 1.30Eþ03 644.392
R2 0.995 0.995 0.995 0.997
RMSE 0.950 1.008 1.011 0.712
Residual plot Uniform Pattern Pattern Uniform
Adsorption isotherm
A 1.16E04 722.412 4.198 9.843
B 1.585 0.182 6.83E03 0.031
C 148.328 159.918 2.022 0.394
RSS 795.032 872.067 506.852 275.667
R2 0.997 0.996 0.998 0.999
RMSE 0.744 0.779 0.594 0.438
Residual plot Pattern Pattern Pattern Uniform
Second desorption isotherm
A 5.70E05 451.398 5.774 13.021
B 1.936 0.17 0.012 0.059
C 75.229 63.145 2.413 0.327
RSS 399.198 574.713 2.55Eþ03 1.23Eþ03
R2 0.998 0.998 0.989 0.995
RMSE 0.541 0.650 1.369 0.949
Residual plot Uniform Uniform Pattern Pattern
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Fig. 1. Observed moisture sorption data for Sorghum bicolor (L.) Moench at 15 C, 20 C, 30 C, and 40 C. Each dataset includes ﬁve replicates of an initial desorption to 0.1 aw, an
adsorption to 0.9 aw, and a second desorption to 0.1 aw.
I.J. Bonner, K.L. Kenney / Journal of Stored Products Research 52 (2013) 128e136 131sorption direction and at each temperature based on these criteria
(Table 2). In addition, the DLP equation was the only model to have
a uniform distribution of residuals for each sorption cycle at all
temperatures (Table 2).
In order to generate conﬁdence intervals surrounding each
sorption isotherm, the DLP equationwas used to individuallymodel
each of the ﬁve replicates of all sorption cycles at all temperatures
(n ¼ 5 for each isotherm; total of 60 individual modeled isotherms
across all temperatures). The high quality of ﬁt for the DLPmodel to
an individual isotherm, as opposed to the grouped datasets evalu-
ated previously, resulted in R2 values of 1.000 and RMSE
values < 0.250 for all sorption directions across all temperatures.
With such high conﬁdence in the predicted values of each sorption
replicate, mean and standard deviation values for each grouping
werecalculated tobetterunderstand the relationshipbetween e.m.c.
and aw for each isotherm (Table 3). The adsorption isothermwas the
most repeatable sorption cycle, with e.m.c. 95% conﬁdence intervals
less than 1% db (often less than 0.5% db at temperatures greater than
15 C) for most values of water activity. This indicates consistent
interaction between water and surface pores as moisture adsorbs
onto free binding sites within capillaries (Bell and Labuza, 2000).
3.3. Monolayer moisture content and safe storage moisture content
The three sorption isotherms had unique ranges of Mo across
temperature, and each exhibited a slight negative relationship
between Mo and increasing temperatures (Iglesias and Chirife,
1976b; Fig. 3). The adsorption isotherm had the lowest values of
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Fig. 2. Predicted sorption isotherms for Sorghum bicolor (L.) Moench using the Modiﬁed-Oswin (initial desorption and adsorption) and Modiﬁed-Henderson (second desorption)
equations with residual values from the experimental dataset across all temperatures.
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and 40 C. The initial desorption (mean Mo of 7.9% db) and second
desorption (mean Mo of 10.4% db) had stronger dependency on
temperature, with Mo values dropping approximately 1.6% db as
temperature increased from 15 C to 40 C. Each isotherm was
within the typical range of 0.2e0.4 aw for the monolayer (Bell and
Labuza, 2000) and similar moisture contents to other agricultural
products such as corn stover (Z. mays L.; Igathinathane et al., 2007),
wheat (Tritium spp.; Li et al., 2011), and alfalfa pellets (Medicago
sativa L.; Fasina et al., 1997).Table 2
Model parameters and ﬁt criteria for the three temperature independent isotherm model
0.9. Residuals between experimental data and predicted data were visually assessed for
Model parameters Initial desorption isotherm Adsorption iso
15 C 20 C 30 C 40 C 15 C 2
GAB
Mo 8.438 8.516 7.785 6.858 5.697 5
Kb 0.821 0.792 0.822 0.849 0.838 0
C 11.581 10.384 12.129 14.039 15.553 2
RSS 216.901 252.924 58.470 91.838 94.364 2
R2 0.997 0.996 0.999 0.998 0.998 0
RMSE 0.823 0.889 0.432 0.538 0.501 0
Residual plot Uniform Uniform Uniform Uniform Uniform U
DLP
b0 10.311 9.834 9.621 8.834 7.013 7
b1 7.098 6.910 6.481 5.891 4.830 
b2 0.268 0.450 0.596 0.432 1.510 0
b3 0.436 0.162 0.266 0.481 0.256 
RSS 175.885 241.378 46.603 64.264 87.036 2
R2 0.998 0.996 0.999 0.999 0.998 0
RMSE 0.741 0.869 0.385 0.450 0.481 0
Residual plot Uniform Uniform Uniform Uniform Uniform U
Peleg
b0 30.113 20.920 24.634 29.214 18.676 1
b1 8.353 6.208 6.420 7.714 4.319 5
b2 21.508 19.360 18.299 17.564 10.945 1
b3 0.718 0.670 0.632 0.670 0.465 0
RSS 196.848 251.152 52.942 74.471 95.178 3
R2 0.997 0.996 0.999 0.999 0.998 0
RMSE 0.784 0.886 0.411 0.485 0.503 0
Residual plot Uniform Uniform Uniform Uniform Uniform PThe moisture content at which the growth of microorganisms
becomes limited (MS) was calculated at 0.7 aw using the individual
DLP models for each sorption isotherm. The MS values of S. bicolor
(L.) Moench ranged from 15.9%  0.9% db to 18.4%  1.4% db for the
initial desorption and 12.0%  0.4% db to 13.3%  1.2% db for the
adsorption between 15 C and 40 C, respectively (mean  2-SD;
Fig. 4). TheMS values were signiﬁcantly different from one another
when compared across sorption, likely a result of the hysteresis
phenomenon discussed previously, and temperature (ANOVA:
F3,59 ¼ 34.372, P < 0.001, and ANOVA: F2,59 ¼ 401.387, P < 0.001,s for Sorghum bicolor (L.) Moench. Parameters apply to a water activity range of 0.1e
a patterned or uniform distribution.
therm Second desorption isotherm
0 C 30 C 40 C 15 C 20 C 30 C 40 C
.606 5.668 5.407 11.043 11.423 9.801 9.256
.819 0.806 0.810 0.611 0.590 0.639 0.651
0.970 28.307 21.845 8.949 8.127 9.276 8.074
9.113 16.221 26.636 98.006 118.782 59.705 43.704
.999 1.000 0.999 0.998 0.998 0.999 0.999
.286 0.215 0.274 0.536 0.589 0.419 0.359
niform Pattern Pattern Uniform Uniform Pattern Pattern
.245 7.513 7.011 10.127 9.947 9.311 8.604
4.453 4.217 4.200 6.852 6.873 6.334 6.139
.780 0.618 0.600 0.147 0.105 0.401 0.343
0.005 0.057 0.042 0.377 0.379 0.404 0.340
4.169 9.730 20.578 90.475 109.373 49.211 38.542
.999 1.000 0.999 0.999 0.998 0.999 0.999
.261 0.166 0.241 0.515 0.566 0.380 0.337
niform Uniform Uniform Uniform Uniform Uniform Uniform
6.589 15.881 15.328 9.385 9.190 10.702 9.292
.329 5.524 5.627 2.505 2.314 2.425 2.962
2.102 12.168 11.871 15.807 15.389 13.451 14.384
.506 0.474 0.516 0.526 0.534 0.477 0.569
2.796 16.422 27.980 90.083 109.511 48.749 38.387
.999 1.000 0.999 0.999 0.998 0.999 0.999
.304 0.216 0.281 0.514 0.566 0.379 0.337
attern Pattern Pattern Uniform Uniform Uniform Uniform
Table 3
Mean predicted equilibrium moisture content with 95% conﬁdence interval for each sorption isotherm. Calculated from individual DLP models; n ¼ 5 for each equilibrium
moisture content value.
aw Predicted equilibrium moisture content (% dry basis)a
Initial desorption isotherm Adsorption isotherm Second desorption isotherm
15 C 20 C 30 C 40 C 15 C 20 C 30 C 40 C 15 C 20 C 30 C 40 C
0.90 32.3 (4.7) 29.5 (3.7) 30.5 (4.4) 29.5 (3.3) 22.6 (1.7) 21.3 (1.1) 20.8 (0.7) 19.9 (1.5) 22.0 (1.2) 21.6 (0.7) 29.5 (3.3) 20.3 (1.5)
0.85 26.6 (2.3) 24.9 (2.8) 25.0 (2.0) 23.8 (1.9) 19.2 (1.3) 17.9 (0.6) 17.6 (0.6) 16.9 (0.8) 20.8 (1.2) 20.5 (0.9) 23.8 (1.9) 18.8 (1.1)
0.80 23.0 (1.6) 21.8 (2.5) 21.6 (1.0) 20.3 (1.3) 16.8 (1.3) 15.7 (0.4) 15.4 (0.5) 14.8 (0.5) 19.5 (1.2) 19.2 (1.0) 20.3 (1.3) 17.4 (0.8)
0.75 20.4 (1.4) 19.5 (2.4) 19.1 (0.7) 17.8 (1.1) 14.9 (1.3) 14.0 (0.2) 13.8 (0.4) 13.3 (0.4) 18.2 (1.2) 17.9 (1.1) 17.8 (1.1) 16.1 (0.7)
0.70 18.4 (1.4) 17.6 (2.2) 17.2 (0.7) 15.9 (0.9) 13.3 (1.2) 12.7 (0.2) 12.6 (0.3) 12.0 (0.4) 16.9 (1.2) 16.7 (1.2) 15.9 (0.9) 14.9 (0.6)
0.65 16.8 (1.4) 16.1 (2.1) 15.6 (0.7) 14.4 (0.9) 12.0 (1.0) 11.5 (0.2) 11.5 (0.3) 11.0 (0.3) 15.8 (1.2) 15.6 (1.2) 14.4 (0.9) 13.8 (0.6)
0.60 15.4 (1.3) 14.7 (2.0) 14.3 (0.6) 13.2 (0.8) 10.9 (0.9) 10.6 (0.2) 10.6 (0.2) 10.1 (0.3) 14.7 (1.2) 14.5 (1.3) 13.2 (0.8) 12.8 (0.6)
0.55 14.1 (1.2) 13.5 (1.9) 13.1 (0.6) 12.1 (0.8) 9.9 (0.8) 9.7 (0.3) 9.9 (0.2) 9.3 (0.3) 13.6 (1.2) 13.5 (1.3) 12.1 (0.8) 11.8 (0.6)
0.50 13.0 (1.2) 12.4 (1.8) 12.1 (0.6) 11.1 (0.8) 9.0 (0.8) 9.0 (0.4) 9.1 (0.2) 8.6 (0.4) 12.6 (1.1) 12.5 (1.3) 11.1 (0.8) 10.9 (0.7)
0.45 11.9 (1.1) 11.4 (1.8) 11.1 (0.5) 10.2 (0.8) 8.2 (0.8) 8.3 (0.4) 8.5 (0.1) 8.0 (0.4) 11.7 (1.1) 11.5 (1.3) 10.2 (0.8) 10.0 (0.7)
0.40 10.9 (1.1) 10.4 (1.7) 10.2 (0.5) 9.3 (0.8) 7.5 (0.8) 7.6 (0.4) 7.9 (0.1) 7.4 (0.4) 10.7 (1.1) 10.5 (1.3) 9.3 (0.8) 9.1 (0.7)
0.35 10.0 (1.1) 9.5 (1.6) 9.3 (0.4) 8.5 (0.7) 6.8 (0.8) 7.0 (0.5) 7.3 (0.2) 6.8 (0.4) 9.8 (1.1) 9.6 (1.3) 8.5 (0.7) 8.3 (0.7)
0.30 9.0 (1.1) 8.6 (1.5) 8.5 (0.4) 7.7 (0.7) 6.2 (0.8) 6.4 (0.5) 6.7 (0.2) 6.2 (0.4) 8.9 (1.0) 8.7 (1.3) 7.7 (0.7) 7.5 (0.7)
0.25 8.0 (1.2) 7.6 (1.4) 7.6 (0.3) 6.9 (0.6) 5.6 (0.7) 5.9 (0.5) 6.2 (0.2) 5.7 (0.4) 7.9 (0.9) 7.7 (1.4) 6.9 (0.6) 6.6 (0.7)
0.20 6.9 (1.2) 6.6 (1.3) 6.7 (0.3) 6.1 (0.6) 5.1 (0.6) 5.3 (0.6) 5.6 (0.3) 5.1 (0.4) 6.9 (0.9) 6.7 (1.4) 6.1 (0.6) 5.8 (0.6)
0.15 5.8 (1.4) 5.5 (1.1) 5.6 (0.3) 5.1 (0.4) 4.6 (0.4) 4.7 (0.6) 5.1 (0.3) 4.6 (0.3) 5.9 (0.8) 5.7 (1.5) 5.1 (0.4) 4.9 (0.6)
0.10 4.3 (1.6) 4.3 (0.9) 4.4 (0.5) 4.0 (0.3) 4.2 (0.7) 4.1 (0.7) 4.4 (0.5) 3.9 (0.3) 4.7 (0.8) 4.5 (1.6) 4.0 (0.3) 3.9 (0.5)
a Values in parenthesis represent the 95% conﬁdence interval of the mean, n ¼ 5.
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ture was not signiﬁcant (ANOVA: F6,59 ¼ 1.801, P ¼ 0.119).
Temperature within each individual desorption was signiﬁcant
(Holm-Sidak P< 0.05) for all comparisons except 20 C versus 30 C
for the initial desorption and 15 C versus 20 C for the second
desorption (Holm-Sidak P ¼ 0.229 and P ¼ 0.551, respectively). All
comparisons within the adsorption isotherm, with the exception of
15 C versus 40 C (Holm-Sidak P ¼ 0.003), were insigniﬁcant
(Holm-Sidak P > 0.05; Table 4), indicating that relatively large
changes in storage temperature are required to inﬂuence the
adsorption basedMS, but small changes in temperature can impact
the desorption based MS.
The values ofMS for S. bicolor (L.) Moench are quite similar to the
range reported for corn stover stalk (Z. mays L.) near 0.7 aw
(Igathinathane et al., 2005), suggesting that aerobic storage prac-
tices for corn stover could be applicable to cellulosic energy vari-
eties of S. bicolor (L.) Moench should a suitable moisture content be
reached. Assuming material can be brought to a water activity
below 0.7 aw by means of in-ﬁeld or mechanical drying, the
material must be stored such that readsorption of environmental4%
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Fig. 3. GAB (GuggenheimeAndersonede Boer) monolayer moisture content of
Sorghum bicolor (L.) Moench for each sorption isotherm.moisture (precipitation and/or ambient conditions greater than
70% relative humidity) or redistribution of material moisture (due
to temperature gradients and condensationwithin the material) do
not cause unstable conditions to be reestablished. With these
points in mind, removal of moisture to water activity levels further
below the threshold point of 0.7 aw would be favorable in an
attempt to buffer the storage system’s resilience to minor changes
in moisture content over time.
3.4. Heat of sorption and differential entropy
Values of aw at e.m.c. from 5% to 40% db across the four test
temperatures were calculated for the initial desorption and
adsorption using the Modiﬁed-Oswin equation and for the second
desorption using the Modiﬁed-Henderson equation. The resulting
values of qstn were plotted against e.m.c., revealing an exponential
decrease in heat of sorption as moisture content increases (Fig. 5).
The heats of desorption (initial desorption and second desorption)
displayed similar trends to one another and began to rise more10%
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Fig. 4. Mean safe storage moisture content (MS) for Sorghum bicolor (L.) Moench by
temperature for each sorption cycle calculated from the DLP equation. Error bars
represent 95% conﬁdence interval, n ¼ 5.
Table 4
Analysis of variance (ANOVA) of the calculated values ofMS (moisture content at 0.7
aw) for each sorption isotherm by temperature and Holm-Sidak pairwise multiple
comparison of temperature within each sorption isotherm.
Two-way ANOVA df F P
Temperature 3,59 34.372 <0.001
Sorption 2,59 401.387 <0.001
Temperature  sorption
interaction
6,59 1.801 0.119
Holm-Sidak pairwise
multiple comparison
Diff of means t P
Within initial desorption
15 C vs. 20 C 0.806 2.368 0.043
15 C vs. 30 C 1.220 3.586 0.002
15 C vs. 40 C 2.491 7.319 <0.001
20 C vs. 30 C 0.415 1.218 0.229
20 C vs. 40 C 1.685 4.951 <0.001
30 C vs. 40 C 1.271 3.733 0.002
Within second desorption
15 C vs. 20 C 0.204 0.601 0.551
15 C vs. 30 C 1.101 3.234 0.009
15 C vs. 40 C 2.008 5.901 <0.001
20 C vs. 30 C 0.896 2.634 0.023
20 C vs. 40 C 1.804 5.300 <0.001
30 C vs. 40 C 0.908 2.667 0.031
Within adsorption
15 C vs. 20 C 0.636 1.869 0.244
15 C vs. 30 C 0.718 2.111 0.185
15 C vs. 40 C 1.272 3.736 0.003
20 C vs. 30 C 0.082 0.241 0.811
20 C vs. 40 C 0.635 1.867 0.191
30 C vs. 40 C 0.553 1.626 0.209
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of adsorption (approximately 25% db versus 15% db, respectively)
and reached a greater maximum level by low moisture contents
(average of 7.2 kJ mol1 versus 5.4 kJ mol1 by 5% e.m.c., respec-
tively). These results are consistent with other agricultural products
(Fasina et al., 1997; Igathinathane et al., 2007; Bahloul et al., 2008)
and are indicative of the moisture’s binding energy approaching
that of pure water near 25% db for desorption and 15% db for
adsorption, as described by Iglesias and Chirife (1976a). The high
values of qstn at low values of e.m.c. indicate the high interactive
energies between available surface sites and moisture as the0
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Fig. 5. Net isosteric heat of sorption of Sorghum bicolor (L.) Moench for each of the
three sorption isotherms from 5 to 40% moisture, db.material approaches a monolayer of water molecules. When the
two desorption trends are combined, the net isosteric heats of
sorption can be expressed as three parameter exponential decay
functions (Eq. (13) and (14)):
qnstðDesorptionÞ ¼  0:7520þ 11:6998$exp
 0:0678$e:m:c:
R2 ¼ 0:982 ð13Þ
qnstðAdsorptionÞ ¼0:1114þ 10:8569$expð0:1392$e:m:c:Þ
R2 ¼ 0:999 ð14Þ
The differential entropy (DSd) was also plotted against e.m.c.,
displaying an initial rise as moisture increases, followed by an
exponential decrease as moisture contents increased beyond the
maximums respective to each sorption (Fig. 6). The peaks of each
plot correspond closely to the monolayer moisture content calcu-
lated, indicating the sorption of water to accessible surface sites
prior to the formation of a monolayer causes the material’s surface
to swell, allowing additional sorption sites to become available, as
described by Berlin et al. (1970) and Cerofolini and Cerofolini (1980)
for sorption on protein surfaces. After reaching the monolayer
moisture content the entropy levels decrease exponentially as
additional layers of moisture are formed and sorption sites become
more limited and moisture accumulation approaches that of latent
water (Iglesias and Chirife, 1976a). A four parameter log normal
equationwas used to express the curves for differential entropy and
e.m.c. between 5% and 40% db (Eq. (15); Table 5).0
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Fig. 6. Differential entropy of Sorghum bicolor (L.) Moench for each of the three
sorption isotherms across 5e40% moisture, db.
Table 5
Log normal equation and ﬁt parameters for the prediction of differential entropy
Sorghum bicolor (L.) Moench.
Isotherm Differential entropy equation
parameters
R2 SEE
a b x0 y0
Initial desorption 11.1172 0.6434 12.6876 0.0850 1.000 0.0083
Adsorption 5.3967 0.5524 10.3785 0.0409 0.997 0.0113
Second desorption 21.8041 0.6611 16.4475 0.2649 0.995 0.0358
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a
! 6 0Bln

e:m:c:
x
1
C27DSd ¼ y0 þ e:m:c: $exp
2
664 0:5B@ 0b CA
3
775 (15)4. Conclusions
Moisture sorption isotherms for a cellulosic energy variety of
Sorghum bicolor (L.) Moench were successfully generated using the
dynamic dew-point isotherm method for both desorption and
adsorption in the temperature range of 15 Ce40 C. The Modiﬁed-
Oswin equation was determined to be the best temperature
dependent model for describing the initial desorption and
adsorption isotherms while the Modiﬁed-Henderson equation was
the best temperature dependent model for describing the second
desorption of S. bicolor (L.) Moench. The DLP equationwas the most
suitable temperature independent model. The GAB monolayer
moisture content decreased slightly with increasing temperatures,
with mean values of 7.9% db for the initial desorption, 10.4% db for
the second adsorption, and 5.6% db for the adsorption isotherms.
The predicted moisture content at which microbial activity
becomes limited ranged from approximately 16% db to 18.5% db for
the initial drying process and 12% db to 13.5% db for the adsorption
process across 40 Ce15 C, respectively. The ﬁndings of this
research indicate that storage stability of S. bicolor biomass is
similar to corn stover biomass (Z. mays L.) if the material is dried
to moisture contents suitable for dry aerobic storage.
The net isosteric heat of sorption was shown to decrease
exponentially as moisture content increased, with the binding
energy of moisture approaching that of free water at moisture
contents greater than 15% and 25% db for adsorption and desorp-
tion cycles, respectively. The differential entropy increased as
moisture content rose to the monolayer level, followed by an
exponential drop beyond this point, indicating swelling of the
material at low moisture contents. The calculation of these addi-
tional properties will be of use to future drying and storage process
engineering of S. bicolor (L.) Moench biomass.
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Nomenclature
Acronyms
db dry basis moisture content (g/g)
DLP Double Log Polynomial equation
e.m.c. equilibrium moisture content, % dry basis
e.r.h. equilibrium relative humidity, %
GAB GuggenheimeAndersonede Boer equation
RMSE root mean squared error
RSS residual sum of squares
Symbols
aw water activity, unitless
A, B, C isotherm model parameters
b0.b3 isotherm model parameters
a, b, xo, yo log normal equation parameters
kb GAB parameter
MO GAB parameter, Monolayer moisture content, % dry basis
Mp predicted moisture content, % dry basis
MS safe storage moisture content associated with 0.7 aw,
% dry basis
qstn isosteric heat of sorption, kJ mol1
DSd differential entropy of sorption, kJ mol1 K1
T temperature, C
TK temperature, K
R universal gas constant, kJ mol1 K1
l latent heat of vaporization of water, kJ mol1
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